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Abstract
Recent studies show that the O subunit of bacterial and chloroplast F1F0 ATPases is a component of the central stalk that
links the F1 and F0 parts. This subunit interacts with K, L and Q subunits of F1 and the c subunit ring of F0. Along with the
Q subunit, O is a part of the rotor that couples events at the three catalytic sites sequentially with proton translocation through
the F0 part. Structural data on the O subunit when separated from the complex and in situ are reviewed, and the functioning
of this polypeptide in coupling within the ATP synthase is considered. ß 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction
An F1F0-type ATP synthase is found in the inner
mitochondrial membrane, the inner membrane of
bacteria, and the thylakoid membrane of chloro-
plasts, where it functions to convert the free energy
of the proton motive force into the chemical energy
source ATP (for recent reviews see [1^3]). This large
enzyme complex is composed of two major parts, a
water-soluble F1 made of three K, three L, and one
copy of each of the Q, N, and O subunits, and a mem-
brane-embedded F0 consisting of 1 a, 2 b, and 12 c
subunits. The overall molecular mass of the complex
is 520 000. There are three catalytic nucleotide bind-
ing sites located on the L subunits of the F1 and one
proton channel formed by the a and c subunits in the
membrane-embedded F0.
The two parts of the complex are linked by two 45
Aî stalks, a central one formed by the O and part of
the Q subunit, and a peripheral one, constituted by
the hydrophilic portions of the two b subunits of the
F0 and the N subunit of the F1 [4,5]. The function of
the central stalk is to transmit energy between the
proton channel in the membrane and the catalytic
nucleotide binding sites on the L subunits via con-
formational changes in the stalk-forming proteins.
The peripherally located second stalk probably func-
tions as a ‘stator’ or ‘sca¡old’ to form a rigid link
between the catalytic domain and the a subunit of
the F0 with respect to a mobile domain formed by
the Q, O, and c subunit ring [6,7].
The 2.8 Aî crystal structure of the mitochondrial F1
provides a molecular picture of the K and L subunits
and part of the Q subunit [8]. The K and L subunits
alternate in a hexagon around a central cavity in
which the N- and C-termini of the Q subunit are
located. Part of the Q subunit and the entire O subunit
(Escherichia coli nomenclature) are present in the
crystals but they are not resolved in the crystal struc-
ture.
Recently, interest has focused on the O subunit
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because of its key position in the complex. In this
brief review, we update information on the structure
and functioning of this subunit, based predominantly
on studies in E. coli, but also from work involving
the chloroplast ATP synthase, CF1F0, which con-
tains an O subunit homologous to the bacterial coun-
terpart. In eukaryotes, the equivalent of the O subunit
is called N but this polypeptide is less well character-
ized.
2. Structure of the O subunit from E. coli
An earlier determination of the global fold of the O
subunit from nuclear magnetic resonance (NMR)
spectroscopy in this laboratory [9], showed that the
N-terminal two-thirds of the protein is folded in a
10-stranded L sandwich with the C-terminal third as
an antiparallel two K-helix hairpin. The solution
structure of the full 138-residue O subunit has now
been determined using a total of 1321 experimental
restraints, of which 822 are within the N-terminal 10-
stranded L sandwich and 499 within the C-terminal
two K-helix hairpin [10]. This structure determination
adds details, particularly about the interaction be-
tween the two domains. Additionally, the structure
of the O subunit has now been solved to 2.3 Aî reso-
lution by X-ray crystallography [11]. Fig. 1A shows
the structure of the O subunit based on both NMR
and X-ray crystallographic data.
3. Arrangement of the O subunit in the ATP synthase
complex
The position of the O subunit in the ATP synthase
has been mapped by cross-linking experiments [12^
15]. The results are summarized in Fig. 1B. The O
subunit interacts with K and L subunits of the F1
part via its C-terminal helical part, with the Q subunit
on one side of the N-terminal L sandwich domain,
and with the c subunit ring by the bottom of this N-
terminal part. The two helix C-terminal domain runs
under the F1 and spans two L subunits, based on the
observation that Cys residues introduced at positions
108 and 138, respectively (which are at di¡erent ends
of the C-terminal helix) cross-link to two di¡erent L
subunits [14]. Using the terminology for the di¡erent
L subunits proposed by Abrahams et al. [8], Ser108 is
close to LDP and Met138 is near to LTP. As the O
subunit is a part of the rotor, interactions between
this subunit and the K3L3 part must be broken and
reformed during cycling of the enzyme motor, while
key interactions between O and the other rotor sub-
units, Q and c, should be retained.
Fig. 1. (A) Solution structure of the E. coli F1-ATPase O sub-
unit. (B) Schematic showing the sites of interaction of the O
subunit with other subunits of the E. coli ATP synthase (see
text).
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4. The O subunit as part of the rotor
Three independent lines of evidence indicate the O
subunit rotates in the ATP synthase. The most clear
cut is the direct observation of rotation of the O sub-
unit tagged by a £uorescent actin ¢lament using vid-
eo microscopy [16]. Also, rotational movements of O
in chloroplasts have been documented by £uores-
cence anisotropy measurements [17]. However, both
of these studies used isolated F1 rather than the in-
tact F1F0 complex. Cross-linking studies provide
strong evidence for rotational movements of the O
subunit in the fully functional ATP synthase
[18,19]. The O subunit is seen to be scrambled with
respect to the three K^L pairs by enzyme turnover in
ATP hydrolysis.
With ATPase-driven rotation of the Q^O domain,
there are changes in the conformation of, and inter-
actions between, the Q and O subunits (see later)
although the cross-linking of O to Q does not block
either ATP hydrolysis or ATP synthesis [13,15]. Sim-
ilarly, it is possible to cross-link O to the c subunit
ring while retaining essentially full ATP hydrolysis.
The ¢rst experiments covalently linking O to subunit
c were conducted by Zhang and Fillingame [12].
These authors found that a cross-link between a
Cys replacing Glu31 of O and a Cys replacing
Gln42 of the c subunit had only a small e¡ect on
ATP hydrolysis but blocked proton pumping. In
these experiments, there was concurrent dimer for-
mation between the multiple copies of the c subunit,
which was hard to control. We have recently re-
peated these experiments in an ATP synthase con-
taining a Cys at position 31 of O and c subunits
which have been converted to a dimer by introducing
genetically a linker sequence between the C-terminus
of the ¢rst c monomer and the N-terminus of the
second monomer. Additionally, a Cys at position
42 has been introduced into the ¢rst copy but not
the second copy of c subunit per dimer [20]. There-
fore, there are only 6 Cys instead of 12 per c subunit
ring. In this construct, we get high-yield cross-linking
between O and the c subunit ring, but no cross-link-
ing between neighboring c subunits. Under such con-
ditions, cross-linking of O to c in yields higher than
80% has minimal e¡ect on ATPase activity, and no
major e¡ect on either proton pumping or ATP syn-
thesis. These results are strong evidence of co-rota-
tion of O with the c subunit ring.
5. Conformations of the O subunit in the ATP synthase
Both the NMR and X-ray structures of the O sub-
unit are for polypeptide separated from the rest of
the subunits of the complex. Therefore, it must be
asked whether this structure or conformation is rep-
resentative of that found in situ. Two di¡erent ex-
periments support the idea that the solution/crystal
structure of O is a structure of the subunit when
bound in the ATP synthase. First, both the NMR
and X-ray structure determinations place residues
Met49 of the N-terminal domain and Ala126 of the
C-terminal domain in close proximity (within 5 Aî ).
Introduction of Cys residues at these positions results
in internal disul¢de bond formation, i.e., between the
N- and C-terminal domains when Cu is added [20].
This cross-link is generated with ADP or ATP in
catalytic sites, but to a higher extent with ATP
present. Therefore, residues 49 and 126 are closely
apposed in the intact ATP synthase.
The second line of evidence that the folding of the
O subunit is very similar in the intact F1F0 to that
found for the isolated subunit, is the similarity of
protease digestion patterns obtained in the two
states. Studies in this laboratory have shown that
the O subunit can be cleaved by trypsin in the intact
ATP synthase, as well as in isolated F1 or puri¢ed O
subunit [14,21]. Cleavage sites have been identi¢ed,
after residues 135, 123, 100, 99, 98 and 93. Cleavage
at some or all of these sites occurs very rapidly in
both F1 and F1F0 with AMPcPNP+Mg2 in catalytic
sites (the ATP state), but only slowly with ADP
present. Cleavage at the same protease-sensitive sites
is very slow in the isolated O subunit, indicating that
the conformation of the polypeptide in isolated O is
the ADP conformation. Addition of ATP or
AMPcPNP+Mg2 to isolated O subunit does not alter
cleavage rates from those obtained with ADP
present. Therefore, it is ATP binding to catalytic sites
on L subunits rather than direct nucleotide binding
to O subunit, which alters the conformation or ar-
rangement of the O subunit in the intact F1F0 com-
plex.
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6. Movements of the O subunit during functioning of
the ATP synthase
The nucleotide-dependent change of the O subunit
within F1F0 involves not only conformational rear-
rangement, but translocations of this subunit. As
shown by cryoelectron microscopy of ECF1 in which
the O subunit has been selectively labeled by a gold
particle (at a Cys replacing His38), the O subunit
shifts in position when ADP is replaced by ATP in
catalytic sites [22]. The movement of the gold particle
was from below an K subunit in ADP to below the L
subunit in ATP.
Cross-linking studies con¢rm the nucleotide-de-
pendent shift of the O subunit [23]. In ADP, O subunit
containing a Cys at position 108 reacts with the
DELSEED region of L, while in ATP this subunit
cross-links via the same Cys with the equivalent re-
gion in the K subunit, speci¢cally with a Cys at posi-
tion 411 of the K subunit. The closest approach of
the DELSEED region of a L subunit and the region
around Cys411 of K is at the interface between LDP
and KE [8]. Therefore, the nucleotide-dependent shift
in O could represent the rotation of the O from one K^
L pair, (KDPLDP), to a second, (KELE), with each con-
version of ATP to ADP. Such a shift is shown sche-
matically in Fig. 2. To explain both the electron-mi-
croscopic results and the cross-linking data, the
rotation of O from a L to K, and then to a second
L must also involve some rotation of O around the
axis perpendicular to the stalk.
We originally thought that the movement of O also
involved a transient separation of the N- and C-ter-
minal domains because of the trypsin cleavage data.
The trypsin sensitive sites in the O subunit are mostly
in the ¢rst K helix of the C-terminal domain involv-
ing residues 90^108. For protease digestion, this helix
must transiently unfold. Cross-linking data appear to
rule out large-scale shifts of the C-terminal domain
relative to the N-terminal part, as the ATP synthase
functions well, and is coupled, when the two domains
are covalently cross-linked by a disul¢de bond be-
tween residues 49 and 126 [20]. It remains to be
established de¢nitively how trypsin sensitivity of the
O subunit alters with di¡erent nucleotide occupancy
of catalytic sites. However, our recent electron-mi-
croscopy studies of the ECF1F0 complex may pro-
vide the clue.
We have been examining the structure of the
ECF1F0 complex prepared monodisperse by solubi-
lization in taurodeoxycholate. Single particles of the
enzyme in the presence of ADP+Mg2 show the now
characteristic pattern of F1 and F0 separated by two
stalks, as shown schematically in Fig. 2. However, in
the presence of AMPcPNP+Mg2 (ATP state), there
is a contraction of the complex so that the F1 and F0
parts are closer together, and the two stalks are only
poorly discerned [20]. As shown in Fig. 3, the aver-
age particle length of side views is 10% shorter in the
ATP than in the ADP state, a contraction of 15^20
Aî . A similar shortening of the complex in ATP com-
pared with ADP has recently been reported for F1F0
in submitochondrial particles [24].
Taken together, the data suggest that the nucleo-
tide-dependent shift in O represents a movement of
this subunit from one K^L pair to another, and in-
volves a rotation of O to move the C-terminal helices
from a position where they are directly below the F1
Fig. 2. Scheme of conformational and translational changes in
the O subunit with ATP hydrolysis during multisite enzyme
turnover. In going from the ADP to ATP state, there is a 120‡
rotation of O from one K^L pair to another, a down movement
of the F1 part relative to F0 due to shrinkage of the stalks, and
a turning of the O subunit to expose the C-terminal domain of
O from under the F1 part.
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to an exposed position, such that there is now easier
access of trypsin (Fig. 2). In this regard, it is relevant
that the O subunit is inaccessible to an antibody in
CF1F0 until the chloroplast membrane becomes ener-
gized, i.e., with ATP generation in catalytic sites [25].
Movements of O, such as shown in Fig. 2, could well
account for the chloroplast data if the epitopes to
which the anti-O polyclonal antibody binds are pre-
dominantly in the C-terminal part.
7. Is the O subunit an inhibitor of ATPase activity in
intact F1F0 ?
The O subunit plays several roles in the F1F0 com-
plex. In the absence of this subunit, the F1 fails to
assemble on the F0, indicating a structural role [8].
The positioning of this subunit in the central rotary
stalk and movements of O during ATP-driven proton
translocation are key to the coupling mechanism of
Fig. 3. Size distribution of ECF1F0 single particles when examined in side view in electron microscopy. Samples were dispersed in so-
dium taurocholate and negatively stained with phosphotungstate for visualization. Open enzyme in AMPcPNP+Mg2, hatched enzyme
in ADP+Pi+Mg2. The magni¢cation of micrographs is such that 1 mm = 38 Aî . Below are shown two typical examples each of single
ATP synthase particles in the two nucleotide states.
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the enzyme, as described above. Importantly, the
O subunit appears to control the conformation of
the Q subunit. Several di¡erent cross-linking and £uo-
rescence studies in this laboratory have shown that
conformational or positional changes in the Q subunit
in ECF1 are lost when the O subunit is removed [26^
28].
The third proposed role of the O subunit is as an
inhibitor of ATPase activity [29]. In isolated ECF1,
the inhibitory function of O is undisputed. However,
it has been argued that the inhibition of ATP hydro-
lysis due to O is relieved in ECF1F0 [30]. While it is
true that the basal ATPase activity of ECF1F0 is
higher than that of fully O-inhibited ECF1, this
does not mean that O subunit binding has no in£u-
ence on the rate of ATP hydrolysis in the intact
complex. Mutations in the O subunit which a¡ect
the interaction of this subunit with Q, such as
OS10C [13], protease removal of part of the C-termi-
nal K helix of the subunit [21], and cross-linking be-
tween the N- and C-terminal domains [20], all en-
hance ATP hydrolysis rates in ECF1F0. For
example, our recent studies show that cross-linking
from a Cys at position 49 to a Cys at 126, across the
interface of the two domains, increases ATP hydro-
lysis rates nearly twofold without altering the cou-
pling function of the subunit [20]. An obvious way
that O would control ATP hydrolysis rates is that
interactions between this subunit and K and/or L sub-
units must be broken or reformed with each cycle of
ATP hydrolysis (or ATP synthesis) and the release
and reforming of these interactions could be rate
limiting.
8. Epilogue
As reviewed here, the structure and arrangement
of the O subunit in the ATP synthase can be inferred
from information on the isolated polypeptide and
from cross-linking studies in the intact complex.
The O subunit clearly goes through positional
changes and conformational rearrangements that
are a part of, and probably control, the rotary motor
and thereby, establish coupling between catalytic site
events and proton translocation in the complex. The
dynamic nature of the functioning of the ATP syn-
thase means that a full understanding of states of
the O subunit, and the rotor as a whole, will require
structural data of the intact complex trapped in these
di¡erent states. Cross-linking studies to ¢x subunits
positionally and/or conformationally may have an
important part to play in trapping the enzyme in
di¡erent states for crystallization and high-resolu-
tion structural determinations. It is more pressing
than ever to crystallize the F1F0 complex, and hope-
fully more laboratories will attempt this in the near
future.
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